Objectives: This work aimed at studying in vitro interactions between human tendonderived cells (hTDCs) and pre-osteoblasts (pre-OBs) that may trigger a cascade of events involved in enthesis regeneration.
| INTRODUC TI ON
The enthesis allows a smooth transition between tendon and bone.
Typically, 3 continuous regions are distinguished: tendon, nonmineralized and mineralized fibrocartilage and bone, resulting in a gradient of composition, organization and, therefore, mechanical properties. 1, 2 This soft-hard tissue interface is vulnerable to acute or overuse sports injuries (eg, golfer's elbow, jumper's knee and Achilles insertional tendinopathies). 3, 4 Frequently, orthopaedic surgeons face the challenge of partial or complete rupture of Achilles and rotator cuff tendons. Currently, grafts are most often applied but several problems are associated, including donor tissue availability and morbidity, host tissue reaction and time of biological incorporation, [5] [6] [7] and high rupture recurrence rates due to neo-fibrovascular tissue formation that compromises stability and mechanical properties of repaired enthesis. [6] [7] [8] Thus, interface tissue engineering (ITE) aims at the recreating different tissues in vitro in order to repair or to regenerate diseased/damaged musculoskeletal interfaces. 9, 10 Several attempts have been made to improve enthesis repair and regeneration, considering a need to mimic the nano-and micro-structure of native tissue and replicate spatial distribution of cells and signalling factors. 2, 3, 11 Cell-based therapies provide new possibilities within tissue engineering to generate a functional enthesis, due to the central role of cell-cell interactions in developing a functional tissue. Particularly, the use of multiple cell types in co-culture systems is being increasingly explored aiming at mimicking the characteristic cellular environment found in the native tissue. Recent studies have shown that these strategies can affect cell fate and function. [12] [13] [14] Indeed, different strategies have been used to mimic the complex cellular composition of enthesis. Normally, in vitro co-culture approaches rely on the culture of differentiated cells (fibroblasts, osteoblasts, chondrocytes) and mesenchymal stem cells (MSCs). 12, 13, [15] [16] [17] Here, compared to stem cells, the use of differentiated cells poses practical challenges for clinical applications given their lower regenerative power and longer in vitro expansion periods to obtain a sufficient cell number before transplantation.
Therefore, MSCs, particularly bone marrow MSCs, have been explored in enthesis regeneration. [17] [18] [19] However, adipose-derived stem cells (ASCs) offer some advantages: (i) isolation from lipoaspirates provides an abundant autologous cell source, with relatively lower donor site morbidity and pain 20 ; (ii) ASCs exhibit higher in vitro proliferation capacity, lower senescence and ability to generate tendon, [21] [22] [23] [24] bone 25, 26 and cartilage-like [27] [28] [29] tissues.
Co-culture systems constitute interesting platforms to study cellular interactions occurring in enthesis, allowing a close replication of the native cellular environment. 30, 31 Several in vitro studies have reported the important role of cell-cell communication and paracrine factors on the expression of interface-relevant markers, as well as the formation of fibrocartilage-like interface. 12, 15, 17 Nonetheless, the use of sources such as ASCs in co-culture is still unexplored, as option for ITE.
Herein, we propose optimizing a co-culture model to study cellular interactions between human ASCs (hASCs), pre-differentiated towards the osteogenic lineage (herein called pre-osteoblasts, preOBs) and human tendon-derived cells (hTDCs), used to replicate cellular environments found in bone and tendon, respectively. Firstly, the effect of different concentrations of osteogenic culture medium on tendon and bone niches maintenance was explored. Afterwards, a co-culture model was established to evaluate the effect of different medium conditions and the influence of direct cell contact on the expression of relevant tendon-, bone-and interface-related markers. 
| MATERIAL S AND ME THODS

| Cell isolation and culture
| Osteogenic differentiation
Osteogenic precommitment was performed by culturing hASCs in osteogenic medium (OM) (basal medium with 10 mmol/L β-glycerophosphate (βGP, G9422; Sigma-Aldrich, St. Louis, MO, USA), 10 −8 mol/L dexamethasone (DEX, D2915; Sigma-Aldrich), and 50 μg/ mL l-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (AA, 013-12061; Wako, Neuss, Germany). After selecting a 14-day precommitment period, hASCs were herein called pre-OBs and used in both single and co-culture studies. Figure 1 depicts the experimental setup used for the experiments.
| Culture setups
In single cultures, pre-OBs and hTDCs were seeded separately at a density of 2 × 10 3 cells/cm 2 . Five medium conditions containing different ratios of basal (BM) and osteogenic media (OM) were tested (Table 1) . Three conditions were selected for establishing direct contact co-cultures by seeding pre-OBs and hTDCs together in a ratio calibrator sample) of the respective collection day. Three samples were used for each condition. Results are represented as fold change.
| Immunocytochemistry
Protein expression of tendon-, bone-and interface-related markers was evaluated using mouse anti-human Tenascin-C (TNC, 1:3000; 
| Quantitative analysis of fluorescence images
| Statistical analysis
Results were obtained from 3 independent experiments with a minimum of 3 replicates for each condition. Results are presented as mean ± SEM.
Statistical analyses were performed using GraphPad Prism 7.0 software. Two-way analysis of variance with Sidak and Tukey tests was performed. Differences between experimental groups were considered significant with a confidence interval of 95%, whenever P < .05.
| RE SULTS
3.1 | Influence of increasing osteogenic medium concentrations at single culture level A 14-day osteogenesis precommitment period was first defined for obtaining pre-OBs (Supporting Information Figure S1 ).
| Effect on osteogenic and tenogenic phenotype of pre-OBs and hTDCs: proliferation, ALP activity and mineralization
The influence of different media on proliferation, ALP activity and mineralization of single cultures was studied (Figure 2 ). At 14 days, F i g u r e 1 . Experimental setup illustrating the temporal approach used to induce the osteogenic differentiation of hASCs and consequent establishment of a direct co-culture model and correspondent single cultures. To assess the influence of different concentrations of osteogenic supplementation on culture medium, both pre-OBs and hTDCs were initially seeded separately in single culture systems.
For this purpose, cellular responses were studied to simultaneously evaluate the effects on the osteogenic commitment of pre-OBs and the tenogenic phenotype of hTDCs. Subsequently, co-culture systems were established using pre-OBs and hTDCs under direct contact conditions to further investigate the crosstalk occurring between these 2 cell types under selected culture medium conditions. In this case, single culture systems were also performed in parallel as controls Additionally, AZ staining confirmed that mineralized calcium deposits increased with increasing OM ratios, which was more evident in pre-OBs, compared to hTDCs, as shown by staining intensity ( Figure 2C ,D).
| Effect on osteogenic and tenogenic phenotype of pre-OBs and hTDCs: expression of bone-and tendon-related markers
Maintenance of pre-OBs phenotype was confirmed by analys- F i g u r e 2 . Evaluation of cell proliferation, alkaline phosphatase activity and matrix mineralization in single cultures of pre-OBs and hTDCs in the presence of increasing concentrations of osteogenic medium. (A) Cell proliferation, evaluated by dsDNA concentration. Results are presented as mean ± SEM and statistically significant differences are *, P < .05; **, P < .007; ***, P < .0008; μ, P < .02 where μ is statistically significant in comparison with the same conditions at day 7; α, P < .0001, α is statistically significant in comparison with the same conditions at day 7; δ, P < .0001, δ is statistically significant in comparison with the same conditions at day 1; Φ, P < .0001, Φ is statistically significant in comparison with the same conditions at day 7. (B) Quantification of alkaline phosphatase (ALP) activity by the colorimetric p-nitrophenol (pNP) assay. Results were normalized against the amount of dsDNA of the correspondent sample and are presented as mean ± SEM. Statistically significant differences are shown as *, P < .02; **, P < .003; ***, P < .0009; α, P < .02, α is statistically significant in comparison with the same condition at day 7; δ, P < .004, δ is statistically significant in comparison with the same conditions at day 1 and 7; θ, P < .003, θ is statistically significant in comparison with the same condition at day 1; χ, P < .0001, χ is statistically significant in comparison with the same conditions at days 1 and 7; σ, P < .0001 σ is statistically significant in comparison with the conditions 100 BM: 0 OM and 75 BM: 25 OM. (C, D) Alizarin red staining, demonstrating matrix mineralization in both (C) pre-OBs and (D) hTDCs (scale bars, 100 μm). Legend: BM: basal medium; OM: osteogenic medium F i g u r e 3 . Maintenance of osteogenic phenotype of pre-osteoblasts through culture time in the presence of different osteogenic medium conditions. (A) Gene expression of osteogenic-related markers, (i) bone sialoprotein 1/osteopontin (SPP1), (ii) alkaline phosphatase (ALPL), (iii) runt-related transcription factor 2 (RUNX2), (iv) collagen type I (COL1A1) and (v) collagen type III (COL3A1) evaluated by RT-PCR. Expression of target genes was normalized against GAPDH housekeeping gene and gene expression in all conditions was normalized to the basal condition (100 BM: 0 OM) of the correspondent day. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .04; **, P < .004; ***, P < .0002; δ statistically significant differences in comparison to the basal condition of the correspondent day. 
| Effects of direct contact co-culture: cell proliferation, ALP activity and matrix mineralization
DNA content, ALP activity and mineralization were analysed in cocultures to evaluate the combined influence of direct contact and medium ( Figure 5 ). Condition 50BM:50OM resulted in a significant increase in DNA content, in comparison with the basal condition (P < .03) at 14 days, while no differences were observed for condition 0BM:100OM ( Figure 5A ). A significantly higher proliferation was observed in co-cultures compared to hTDCs in BM (P < .0002) and condition 50BM:50OM (P < .0001, Figure S2 ). At day 14, cells cultured with 0BM:100OM exhibited significantly higher ALP activity, compared to 50BM:50OM (P < .0001) and 100BM:0OM (P < .0006, Figure 5B ). Strikingly, after 14 days, ALP activity was significantly higher in co-cultures, when compared to single cultures (pre-OBs and hTDCs) in all conditions ( Figure S3 ). Moreover, increasing OM ratios increased mineral deposition ( Figures 5C, S4 ). 
| Effects of direct contact co-culture: expression of bone-, tendon-and interfacerelated markers
The expression of bone-(ALPL, RUNX2 and SPP1), tendon-(SCX, MKX and TNC) and interface-related markers (ACAN, COMP), as well as COL1A1 and COL3A1 was analysed by RT-PCR after 7 and 14 days of culture ( Figure 6 ). Although no differences were found for ALPL transcript levels ( Figure 6A ), after 7 days, co-cultured cells in 50BM:50OM presented significantly higher RUNX2 transcript levels (P < .0007, vs pre-OBs; P < .009 vs hTDCs, Figure 6B ), but without differences comparing to basal condition. Interestingly, co-cultured cells expressed significantly higher SPP1 transcript levels as soon as 7 days in 0BM:100OM comparing with pre-OBs in the same condition (P < .0007, Figure 6C ). From day 7 to 14, SPP1 expression significantly decreased in co-cultures in condition 0BM:100OM (P < .0007), but no differences were found comparing to basal condition.
F i g u r e 4 . Assessment of the expression of tenogenic and osteogenic markers by hTDCs through culture time in different osteogenic medium conditions after 7 and 14 days. (A) Gene expression analysis of (i) mohawk (MKX), (ii) scleraxis (SCX), (iii) decorin (DCN), (iv) tenascin C (TNC), (v) collagen type I (COL1A1), (vi) collagen type III (COL3A1) and (vii) runt-related transcription factor 2 (RUNX2) by RT-PCR. Expression of target genes was normalized against
GAPDH housekeeping gene and gene expression in all conditions was normalized to basal condition (100 BM: 0 OM) of the correspondent day. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .01; ***, P < .0005; ****, P < .0001; δ statistically significant differences in comparison to the basal condition of the correspondent day. (B) Fluorescence microscopy of tenogenic-related markers, decorin, tenascin-C, collagen type I and collagen type III (scale bars, 50 μm). Nuclei were counterstained with DAPI. (C) Fluorescence intensity quantification of decorin, tenascin-C, collagen type I and collagen type III at days 7 and 14.
Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .04; **, P < .006; ***, P < .0006; ****, P < .0001; σ, P < .0001, is statistically significant in correspondence to the same condition at day 7; α, P < .0005, is statistically significant in correspondence to the same condition at day 7; μ, P < .009, is statistically significant correspondence to the same condition at day 7
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Additionally, no significant differences were observed for SCX expression in co-cultures when comparing to pre-OBs and hTDCs single cultures, nor between medium conditions ( Figure 6D ). Strikingly, similarly to hTDCs alone, MKX transcript levels were significantly lower in co-cultures in 0BM:100OM after 14 days comparing to BM (P < .05, Figure 6E ). TNC was up-regulated in co-cultures after 7 days in 50BM:50OM (P < .05, vs BM), decreasing significantly from day 7 to 14 (P < .009, Figure 6F) . Interestingly, at day 14, the presence of F i g u r e 5 . Evaluation of cell proliferation, alkaline phosphatase activity and matrix mineralization in direct co-culture. (A) Cell proliferation was quantified by a fluorimetric dsDNA quantification kit. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .03; **, P < .004; ***, P < .0009; Φ, P < .0001, Φ is statistically significant in correspondence to all the conditions at day 1 and 7. (B) Alkaline phosphatase (ALP) activity was quantified by the colorimetric p-nitrophenol (pNP). Results are presented as mean ± SEM and statistically significant differences are shown as **, P < .0001; ***, P < .0006; ****, P < .0001; α, P < .0002, α is statistically significant in correspondence to the same condition at day 1; δ, P < .0001, δ is statistically significant in correspondence to the same condition at day 1. (C) Alizarin red (AZ) staining was performed for both pre-OBs and direct co-cultures after 7 and 14 days of culture (scale bars, 100 μm).
(D) Quantification of AZ staining was performed using cetylpyridinium chloride solution at 7 and 14 days of culture. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .009; ***, P < .0003; ****, P < .0001; δ, P < .0001, δ is statistically significant in correspondence to pre-OBs and hTDCs in the same condition Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .009; ***, P < .0007; ****, P < .0001; δ statistically significant differences in comparison to the basal condition of the correspondent day; # statistically significant differences in comparison with hTDCs in the same condition; σ statistically significant differences in comparison pre-OBs and hTDCs in the same conditions only OM significantly decreased TNC transcript levels in co-cultures, comparing with hTDCs in the same medium condition (P < .0007).
Furthermore, ACAN was up-regulated in co-cultures as soon as 7 days in 0BM:100OM (P < .05, compared to pre-OBs and hTDCs, Figure 6G ) and COMP was up-regulated in co-cultures in 0BM:100OM after 14 days (P < .05, compared to 100BM:0OM Figure 6H ). Strikingly, co-cultured cells expressed significantly higher COMP transcript levels after 14 days compared with pre-OBs and hTDCs cultured in the same conditions (50BM:50OM, P < .009; 0BM:100OM, P < .0001, Figure 6H ). In pre-OBs, no differences were observed for ACAN and COMP expression; whereas OM led to a significant decrease of COMP expression in conditions 50BM:50OM (P < .05) and 0BM:100OM (P < .009) in hTDCs from day 7 to 14.
Higher COL1A1 ( Figure 6I ) and COL3A1 ( Figure 6J ) transcript levels were noticed at 7 days in hTDCs in comparison with co-cultures in both medium conditions (COL1A1: 50BM:50OM, P < .009; 0BM:100OM, P < .0001; COL3A1: 50BM:50OM, P < .0001; 0BM:100OM, P < .0001). Nevertheless, after 14 days, co-cultured cells in 0BM:100OM expressed significantly higher COL1A1 transcript levels (P < .009, comparing to pre-OBs and hTDCs Figure 6I) and both medium conditions led to significantly higher COL3A1 expression levels in co-cultures (P < .05, comparing to pre-OBs and hTDCs Figure 6J ). No differences were observed in comparison to basal condition.
Immunocytochemistry analysis was also performed against OCN, TNC, ACAN and COL2 ( Figure 7) . A higher OCN deposition was observed in co-cultures after both 7 and 14 days, whereas in pre-OBs, OCN was highly detected after 7 days in comparison with 14 days of culture (100BM:0OM, P < .006; 50BM:50OM, P < .0001;
and 0BM:100OM, P < .006) ( Figure 7A ). After 14 days, OM present in conditions 50BM:50OM and 0BM:100OM affected TNC expression, which was observed in hTDCs in all medium conditions, but only observed in basal condition (100BM:0OM) in co-cultures (P < .0001) ( Figure 7B ). No ACAN expression was found in pre-OBs and hTDCs, while, in co-cultures, an abundant deposition was observed in conditions containing OM as soon as 7 days and maintained up to 14 days (P < .0001) ( Figure 7C ). COL2 was deposited at a higher extent in co-cultures as soon as after 7 days in all conditions, whereas hTDCs expressed COL2 at 7 days mainly in the presence of OM and at 14 days in all medium conditions, being highly expressed in condition 50BM:50OM in comparison with conditions 100BM:0OM (P < .006) and 0BM:100OM (P < .04). COL2 expression was observed in pre-OBs at 14 days in condition 50BM:50OM and 0BM:100OM ( Figure 7D ), even though COL2 expression was significantly lower in comparison with co-cultures (P < .0001). Altogether, these results support the influence of direct contact occurring between 2 types of cells in the modulation of cellular phenotype.
| D ISCUSS I ON
The success of ITE depends on optimal cell source selection and on the understanding of cellular interactions within native tissues. 38 and their osteogenic commitment has been well described. 39 Hence, this cell population was herein precommitted towards the osteogenic lineage to obtain pre-OBs, aiming at mimicking, as close as possible, the cellular environment found in bone. Additionally, to mimic the cellular environment found in tendon counterpart of enthesis and given the lack of well-established protocols for tenogenic differentiation, hTDCs were used, which are composed by tenocytes/tenoblasts and stem/progenitor cells 40, 41 and hold potential for musculoskeletal tissue engineering. up-regulation in hTDCs may be strongly associated with the isolated mixed population of cells that could undergo osteogenic differentiation. 41 Thus, increasing concentrations of OM may lead to a phenotypic drift of this population towards the osteogenic lineage.
Nonetheless, condition 50BM:50OM seemed to modulate pre-OBs osteogenic commitment, while maintaining hTDCs tenogenic phenotype, without significant osteogenic drift. Thus, this intermediate medium condition was selected for further studies.
Subsequently, a direct co-culture system was established using 3 predetermined medium conditions. The co-culture system with different medium conditions offered a specific environment for the 2 cell types, not affecting cell proliferation, increasing matrix mineralization and ALP activity. The expression of bone-related markers was higher in co-cultures in the presence of OM, as early as 7 days of culture. Particularly, the highest concentration of OM (0BM:100OM)
induced an up-regulation of SPP1 at 7 days. Strikingly, the higher expression of RUNX2 in condition 50BM:50OM may indicate the dynamic and evolving osteogenic process that is still occurring and explain higher ECM matrix mineralization observed in co-cultures after 14 days in the presence of OM. 51 Higher SPP1 and RUNX2 transcript levels found in co-cultures after 7 days in comparison to pre-OBs alone suggest the existence of bi-directional cellular communication events orchestrating osteogenesis.
In turn, SCX and MKX expression in co-culture conditions exhibited no significant differences over time in the intermediate medium . Nuclei were counterstained with DAPI (blue). Fluorescence intensity quantification was performed. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .006; ***, P < .0007; ****, P < .0001; δ, P < .0001, δ is statistically significant in comparison with hTDCs in the same day; α, P < .0001, is statistically significant in comparison with pre-OBs and hTDCs in the same day; β, P < .0001, is statistically significant in comparison with pre-OBs in the same day; σ, P < .0001, is statistically significant in comparison with hTDCs in the same day; χ, P < .0003, is statistically significant in comparison with pre-OBs in the same day; θ, P < .0006, is statistically significant in comparison with hTDCs in the same day; μ, P < .04, is statistically significant in comparison with pre-OBs in the same day; ε, P < .05, is statistically significant in comparison with pre-OBs in the same day 
